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Silencing the Siren: Minireview
Guidance Cue Hierarchies
at the CNS Midline
The CNS Midline: A Point of No Return
It is no coincidence that the CNS midline serves as one
of the best studied axon guidance choice points since
it is possible to observe here phylogenetically conserved
neuronal guidance events that showcase many complex
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growth cone steering behaviors (Figure 1A). Ipsilaterally
projecting axons that do not cross the midline, and con-
tralaterally projecting axons that do have both been
Our understanding of how axons find their targets during shown to respond to midline guidance information. In
neural development has advanced markedly over the Drosophila, C. elegans, chicken, and rodents, extensive
past decade. We now know of many families of guidance work demonstrates that the midline is a source of a
cues that include members capable of attracting or re- potent chemoattractant, Netrin, which serves to attract
pelling advancing growth cones, and many of the recep- crossing axons toward and into the CNS midline (Chis-
tors that mediate responses to these cues have been holm and Tessier-Lavigne, 1999). Once there, however,
discovered. Indeed, the recent sequencing of the human crossing axons do not linger. They proceed to the con-
genome underscores that, despite the existence of tralateral phase of their trajectory, which is often close
many novel proteins with the potential to function as to the midline, seemingly oblivious to levels of Netrin
guidance cues, we have already identified a surprisingly that can be several-fold greater than those that initially
large repertoire of proteins that participates in the estab- attracted these crossing axons to the midline. A beauti-
lishment of several well-characterized axon trajectories. ful demonstration that Netrin-responsiveness is lost fol-
A range of model systems exploiting a variety of cellular lowing midline crossing can be seen in the rat hindbrain,
and genetic paradigms are currently being employed where commissural axons were shown to be attracted
successfully to understand the signaling events initiated to either floor plate explants or recombinant Netrin only
by these guidance cues and their receptors that ulti- prior to their passage through the floor plate, despite
mately result in directed alterations of the growth cone expression pre- and postcrossing of the Netrin receptor
cytoskeleton. However, what we lack at present is an DCC (deleted in colorectal cancer) (Figures 1B and 1C)
understanding of how this great diversity of guidance (Shirasaki et al., 1998).
information is interpreted at the level of a single advanc- Regulation of CNS midline repulsion is equally strin-
gent. Extensive work from many groups has establisheding growth cone. It is not all that satisfying to assume
that phylogenetically conserved repellents belonging tofor all guidance decisions that neuronal growth cones
the Slit family of proteins are expressed at the CNScontinuously integrate steering responses to attractants
midline and serve to repel neurons that express Slitand repellents. There are several situations where op-
receptors belonging to the Roundabout (Robo) clan ofposing guidance cues, sometimes at very close range,
the immunoglobulin (Ig) superfamily (reviewed in Zinnwould be likely to confuse growth cone responses,
and Sun, 1999). The regulation of Robo function hasespecially when intermediate attractive targets are
been addressed extensively in Drosophila, where post-reached and then left behind during the normal course
translational mechanisms involving the commissurelessof establishing a complex neuronal pathway.
(Comm) protein downregulate Robo protein distributionNow, an elegant study from the Tessier-Lavigne labo-
at the midline and thus allow crossing axons to approachratory (Stein and Tessier-Lavigne, 2001) tackles this
and pass this barrier. Robo protein levels, however, areproblem head on and demonstrates a novel principle
high following midline crossing and mediate both short-that should be readily applicable to a wide range of
and long-range Slit repulsion (reviewed in Rusch and
guidance events. This work shows that a hierarchical
Van Vactor, 2000). A related situation has been observed
relationship exists between repulsive and attractive in the vertebrate spinal cord, where contralaterally pro-
guidance cues at the central nervous system (CNS) mid- jecting commissural axons are responsive to the repel-
line, and that this relationship is established through lent Slit-2 only after crossing the floor plate (Figures 1D
ligand-dependent interactions between the receptors and 1E) (Zou et al., 2000); however, at present, the axonal
for these opposing cues. These guidance receptor inter- distribution of Robo protein in vertebrates is unknown.
actions define a molecular logic for complex axon guid- Following the identification of Slits and Netrins as
ance decisions that is commensurate with observations midline repellents and attractants, and Robos and DCCs
of neuronal guidance events at the CNS midline from as their receptors, attention has turned toward defining
invertebrates to vertebrates, allows for growth cone exactly how these guidance responses are encoded.
steering events to proceed unhindered by conflicting Work in Drosophila demonstrates that the Robo cyto-
instructions from recently encountered intermediate tar- plasmic domain signals Slit repulsion. A chimeric recep-
gets, and is likely applicable to many families of guid- tor consisting of the DCC ectodomain and the Robo
cytoplasmic domain produces Netrin-mediated repul-ance cues and their receptors.
sion, and similar experiments are consistent with the
cytoplasmic domain of DCC signaling Netrin attraction
(Bashaw and Goodman, 1999). Our understanding of* To whom correspondence should be addressed (e-mail: kolodkin@
jhmi.edu). exactly how these cytoplasmic domains impart specific
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by forming a complex with DCC and in doing so results
in a repulsive, not an attractive, response to Netrin (Hong
et al., 1999). This reversal of DCC signaling occurs by
a Netrin-dependent association between the DCC and
UNC5H2a cytoplasmic domains. These experiments
show that ligand-dependent associations between dif-
ferent Netrin receptors can dramatically alter the steer-
ing response to this guidance cue, and they set the
stage for testing whether interactions between different
guidance cue receptors might facilitate midline crossing
by commissural axons.
Slit Silences Netrin Attraction Through
the Formation of a Ligand-Gated
Robo/DCC Complex
Stein and Tessier-Lavigne (2001) begin their study with
the provocative observation that Netrin-mediated at-
traction observed in dissociated stage 22 Xenopus spi-
nal neurons is abolished following bath application of
Slit-2, resulting in no alteration of turning angle either
toward or away from a point source of Netrin (Figure
2A). Though stage 22 spinal neurons are not themselves
repelled by a point source of Slit-2, spinal neurons cul-
tured from older stage 28 embryos are repelled by Slit-2
but are not attracted to Netrin (Figure 2D). These
younger and older populations of neurons appear to
mimic the behavior of pre- and postcrossing spinal com-
missural neurons with respect to their changing re-
sponses to Netrin and Slit-2 over time, and though the
identity of these neurons in culture has not be deter-
mined, these observations beg the question of how this
regulation of Netrin responsiveness occurs. A subtle
but important point is that though Netrin attraction is
silenced by Slit-2, Netrin outgrowth promoting activityFigure 1. The Floor Plate Is a Transition Zone for Commissural Axon
is not, providing evidence that these two different NetrinGuidance Responses
activities are separable.(A) A schematic of a commissural axon in the developing spinal
Slit-2 silencing of Netrin attraction could result eithercord that has approached and crossed the floor plate. Guidance
responses along this trajectory are indicated, along with the receptor from receptor- or ligand-mediated antagonistic interac-
complex that binds Netrin, slit, or both cues to facilitate pathfinding tions. Since Slit-2 can bind directly to Netrin, and also
across the midline. since stage 22–derived spinal neurons in culture express
(B and C) In the rodent hindbrain, commissural axons, once they
endogenous DCC and Robo receptors, creative experi-cross the floor plate, no longer are attracted to an ectopically located
ments using chimeric receptors that allow for unambigu-transplanted floor plate. Following surgical removal of the floor plate,
ous assessments of Netrin and Slit-2 receptor signalingcommissural axons are still attracted to the contralaterally trans-
planted floor plate. A similar response is seen using COS cells secre- capabilities were performed. Stage 22 spinal neurons in
ting recombinant Netrin (Shirasaki et al., 1998). culture do not respond to hepatocyte growth factor
(D and E) In rat spinal cord explants grown in a collagen matrix, (HFG) unless the HGF receptor Met, a receptor tyrosine
commissural axons exit the explant and exhibit a repulsive response kinase (RTK), is ectopically expressed in these neurons.
to a source of recombinant Slit only if they have first crossed the
This is achieved by first injecting Met mRNA into four-floor plate. Culturing dorsal spinal cord explants, where the ventral
cell-stage Xenopus embryos and then allowing thesespinal cord including the floor plate is removed, results in a failure
embryos to develop to stage 22 for use in the turningof emerging commissural axons to be repelled (Zou et al., 2000).
assay. Slit-2 will not silence Met-mediated HGF at-
traction. However, stage 22–derived spinal neurons ex-
guidance responses has been greatly aided by a primary pressing a chimeric receptor consisting of the Met ecto-
neuronal cell culture system that allows for direct obser- domain and the DCC cytoplasmic domain are attracted
vation of growth cone steering and outgrowth in combi- to HGF, and this attraction is abrogated by bath applica-
nation with the ability to express a variety of guidance tion of Slit-2 (Figure 2B). Reciprocal experiments using
cue receptors in responsive neurons. Previous work a chimeric receptor consisting of the nerve growth factor
demonstrated that dissociated Xenopus embryonic spi- (NGF) trkA RTK extracellular domain and the Robo cyto-
nal neurons and retinal axons in culture steer toward a plasmic domain result in NGF-mediated silencing of Ne-
focally applied gradient of Netrin, and that this response trin attraction. These experiments show that silencing
requires endogenously expressed DCC (de la Torre et requires the Robo and DCC cytoplasmic domains and
al., 1997; Ming et al., 1997). Further, using this system can be observed independent of the normal ectodo-
Tessier-Lavigne, Poo, and colleagues showed that the mains of these receptors and their respective ligands.
protein UNC5H2a, a member of the UNC5 branch of the But do the cytoplasmic domains of these receptors in-
teract directly to alter Netrin responsiveness?Ig superfamily, is also a Netrin receptor but functions
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Figure 2. Slit-Mediated Silencing of Netrin
Attraction Requires a Ligand-Gated Interac-
tion Between Robo and DCC Cytoplasmic
Domains
Schematic representations of Xenopus spinal
neuron turning assays performed with the in-
dicated receptors and ligands using spinal
nerves derived from stage 22 (A–C) or stage
28 (D).
(A) Netrin interacting with its multimerized re-
ceptor, DCC, produces attraction. Addition of
Slit results in silencing mediated by a Robo/
DCC complex.
(B) HGF can mediate attraction in the pres-
ence of Slit by signaling through its Met re-
ceptor; however, a Met/DCC chimeric recep-
tor is silenced by Slit through its interaction
with the Robo cytoplasmic domain.
(C) Silencing can be completely reconstituted
using chimeric receptors containing the DCC
and Robo cytoplasmic domains and the Met
and trkA ectodomains, respectively, and HGF
and NGF. Deletion of the Robo CC1 and DCC
P3 domains abolishes silencing (not shown);
however, replacement of these domains re-
stores silencing.
(D) In stage 28 neurons, Slit acts as a repel-
lent, as does HGF acting on a chimeric Met/
Robo receptor where CC1 has been deleted.
Several experiments show that the formation of a DCC cytoplasmic domains of chimeric Met/DCC and
TrkA/Robo receptors with SAM protein multimerizationRobo/DCC complex is indeed mediated by a Slit-2-
gated, Netrin-independent, direct interaction between domains from the EphB1 receptor cytoplasmic domain
(Figure 2C). Remarkably, the SAM domains restorethe DCC and Robo cytoplasmic domains. Full-length
DCC and Robo expressed in tissue culture cells form a physical association between these two chimeric recep-
tors and the ability of the Robo cytoplasmic domain,complex in the presence of Slit-2, but not Netrin alone.
Moreover, it appears that Robo and DCC ectodomains when activated by ligand binding, to silence DCC-medi-
ated attraction. The Robo CC1 domain is essential forserve to suppress, in the absence of the Slit-2 ligand,
the association between their cytoplasmic domains. silencing, however Slit-2-mediated repulsion does not
require this domain since in older, stage 28–derived spi-Constitutive association between these cytoplasmic do-
mains occurs when myristoylated DCC and Robo cyto- nal neurons, a chimeric Met/RoboDCC1 receptor medi-
ates repulsion (Figure 1D). Therefore, Robo-mediatedplasmic domains are coexpressed in tissue culture cells.
Presumably, a conformational change induced in Robo silencing is separable from its function in Slit-2 repul-
sion, offering the real possibility of understanding thefollowing ligand engagement unveils a binding motif in
the Robo cytoplasmic domain capable of forming a com- signaling pathways that underlie distinct growth cone
behaviors through future studies focused on the discreteplex with the DCC cytoplasmic domain. This interaction,
however, is hierarchical in that Netrin binding to DCC, cytoplasmic domains of these receptors.
Wheels within Wheels: Modular Guidanceas detected biochemically in tissue culture cells, does
not facilitate a reciprocal association with the Robo cy- Receptor Complexes Keep Growth Cones on Track
This demonstration by Stein and Tessier-Lavigne (2001)toplasmic domain.
Though the cytoplasmic domains of Robo and DCC of a molecular mechanism capable of imparting local
and absolute changes in Netrin responsiveness at theproteins do not contain obvious catalytic domains, they
each contain conserved sequence motifs that offer the midline is particularly satisfying. It explains how a long-
range guidance cue such as Netrin can attract axons topossibility that modular interactions between these
motifs regulate the formation of guidance receptor com- a midline target but not distract these same axons as
they continue on their way close to the floor plate, muchplexes. Using a variety of approaches, Stein and Tessier-
Lavigne (2001) show that of the multiple conserved cyto- like Odysseus’ shipmates silencing the Sirens’ alluring
song, avoiding a lingering death on the isle of An-plasmic motifs present in Robo (termed CC0, CC1, CC2,
and CC3) and in DCC (termed P1, P2, and P3), CC1 of themoessa, and continuing their odyssey. While contin-
ued integration of simultaneously presented attractantsRobo and P3 of DCC are necessary for the formation
of Robo/DCC complexes (Figure 2A). Furthermore, in and repellents may play a role in certain types of axon
guidance events where both classes of cues are pre-stage 22–derived spinal neurons, these cytoplasmic mo-
tifs are essential for ligand-gated silencing by the Robo sented relatively equally all along a developing axonal
trajectory, it is appealing to invoke silencing as a generalcytoplasmic domain. To test whether the Robo CC1
and DCC P3 domains directly form a heteromultimeric strategy for effecting the rapid and discrete steering
events that define the establishment of many neuronalcomplex, these domains were replaced in the Robo and
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pathways. This study presents compelling biochemical quires receptor multimerization via the P3 DCC cyto-
evidence for an absolute hierarchy between these mid- plasmic domain, Slit silencing of Netrin requires the
line guidance cues since Slit-2, not Netrin, mediates the Robo CC1 and the DCC P3 domains for the formation
formation of the heteromultimeric Robo/DCC silencing of a silencing complex, and Netrin-mediated repulsion
complex, and this fits very well with the observed in vivo requires the DB cytoplasmic domain of UNC5 and the
behavior of commissural axons at the CNS midline. DCC P1 domain to form the UNC5/DCC repulsive Netrin
Clearly, it is imperative to know whether Robo medi- receptor complex (Figures 1A and 2A). Analysis of Dro-
ates Netrin silencing in vivo. Presumably, this will be sophila Robo signaling shows cytoplasmic domain–
addressed by a combination of loss-of-function studies specific interactions with the Abl tyrosine kinase and
in which silencing is assessed in the absence of these Ena (Bashaw et al., 2000), proteins intimately involved in
receptors on commissural axons, and in gain-of-func- neuronal growth cone cytoskeletal reorganization. And
tion studies where altered DCC and Robo receptors able finally, recent studies from the Goodman and Dickson
to mediate steering events in response to Netrin and laboratories establish that multiple Robo proteins in
Slit, but incapable of forming a silencing complex, are Drosophila serve unique roles in Slit-mediated midline
expressed on these same axons. It is also essential crossing and in repulsive responses of axons following
to address exactly how crossing axons modulate their midline crossing to a Slit gradient (reviewed in Rusch
responses to Slit, since crossing the midline requires and Van Vactor, 2000). Taken together with the observa-
that Slit initially not be perceived as a repellent. This tions in Stein and Tessier-Lavigne (2001) that Slit si-
strict regulation of Robo’s function as a repulsive recep- lences only Netrin-mediated attraction and not out-
tor is underscored by the observation that commissural growth promotion, and that Slit-mediated repulsion is
axons are repelled by Slit-2 only after they have crossed separable from silencing, it is clear that now the potential
the floor plate (Figures 1D and 1E). Regulation of Robo exists to dissect the signaling pathways that underlie
protein levels in the developing vertebrate spinal cord, growth cone behaviors that heretofore have been
as has been observed in Drosophila, is an obvious possi- lumped together for lack of experimental paridigms ca-
bility which will be addressed following the generation pable of teasing them apart. Though rapid, modular,
of appropriate antibody reagents. However, the obser- and hierarchical interactions among different guidance
vation that stage 22–derived Xenopus neurons express receptors greatly increase the complexity of under-
functional Robo but are not repelled by Slit, along with standing at the molecular level how growth cones navi-
the failure at present to identify vertebrate commis- gate to their targets, we now have a more complete
sureless proteins, suggests alternative possibilities for picture at the CNS midline of how a limited number of
regulating Slit responsiveness that include developmen- cues and receptors interact to insure that echoes of
tally regulated expression of additional signaling com- previously encountered guidance cues do not adversely
ponents required for Robo repulsion, Robo modifica- affect future directions.
tions including phosphorylation and dephosphorylation
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An additional principle that emerges from this work
and from a companion study from Tessier-Lavigne and
colleagues (Stein et al., 2001), is that ligand-gated homo-
and heteromultimeric guidance receptor complex for-
mation involves promotion of associations between cy-
toplasmic domains of these receptors through discrete
cytoplasmic domains. Netrin-mediated attraction re-
